Vascular endothelial cells are constantly exposed to wall shear stress generated by blood flow. Endothelial cells act as mechanoceptors sensing and responding to shear stress, and play a role in flow-dependent phenomena such as angiogenesis, vascular remodeling and atherosclerosis. Numerous recent studies have demonstrated that endothelial cell functions change in response to shear stress, and that the responses are often accompanied by changes in related gene expression. More recently there has been evidence that genes known to be regulated by shear stress may have a common cis-element (shear stress responsive element; SSRE) in their promoter regions. A molecular mechanism for endothelial cell responses to mechanical stress is close to being elucidated. In this paper, shear-stress-mediated regulation of endothelial gene expression is reviewed. (Jpn Heart J 1996; 37: 19-32) Key words:
tic featur, i.e., they are constantly exposed to blood flow. This means that wall shear stress, a mechanical force generated by flowing blood, directly stimulates endothelial cells. Although endothelial cell functions have long been known to be regulated by chemical stimuli such as hormones, autacoids and neurotransmitters, it has only recently been demonstrated that endothelial cell function can be modulated by mechanical forces such as shear stress. 1) Endothelial cells subjected to fluid shear stress undergo shape modification from a polygonal to ellipsoidal shape and become uniformly oriented in the direction of flow.2) This change in shape is associated with the formation and redistribution of actin-containing microfilament bundles, or stress fibers.3) Focal contacts and the associated protein, vinculin, shift to the proximal (relative to flow direction) cell margins.4) In this way, endothelial cells respond to shear stress and alter their morphology and functions dynamically.
Recently, it has become apparent that shear-stress-induced alterations in endothelial cell functions are often accompanied by changes in associated gene expression.5) This suggests the presence of a mechanism by which shear stress modulates endothelial gene expression, resulting in alterations in cell functions. The main objectives of this review are to present data concerning the effect of shear stress on the gene expression of endothelial adhesion molecules, and to document the current state of knowledge concerning the shear-stress-mediated regulation of endothelial genes.
SHEAR STRESS EFFECTS ON LEUKOCYTE ADHESION TO ENDOTHELIUM
Blood flow affects leukocyte adhesion to endothelium. Intravital microscopy has shown that the rolling phenomenon of leukocytes occurs preferentially in venules at low flow rates, and that the rate of leukocyte adhesion to endothelium is reduced as the blood flow rate or shear stress is increased.6) In vitro studies have also shown that slight changes in shear stress can cause large changes in leukocyte adhesion to cultured endothelial cell monolayers.7) In these situations the higher flow rate may shorten the time for adhesive interactions, cause high shear forces that remove leukocytes from endothelial cells, or alter cell surface expression of adhesion molecules. In the past, however, there has been little work on the effect of shear stress on endothelial adhesion molecule expression.
Endothelial cells cultured from the venules of murine lymph node were exposed to controlled levels of shear stress in a specially designed flow-loading chamber and examined for changes in adhesiveness to lymphocytes. Fluorescence-labeled murine lymphocytes were incubated for 30 minutes with endothelial cells either exposed to shear stress or maintained in a stationary state, and the number of adherent lymphocytes was measured with a fluorescence spectropho-tometer. The results showed that the lymphocyte adhesion rate of shear-stressed endothelial cells was significantly lower than that of static control cells. Treatment of static control endothelial cells with monoclonal antibody against intercellular adhesion molecule-1 (ICAM-1) or CD44 caused no changes in lymphocyte adhesion, while vascular cell adhesion molecule-1 (VCAM-1) antibody markedly suppressed adhesion. Treatment of lymphocytes with an antibody to very late activation antigen-4 (VLA-4), a ligand for VCAM-1, decreased the rate of lymphocyte adhesion to static endothelial cells to the same degree as did shear stress. These findings indicate that shear stress makes murine endothelial cells less adhesive to lymphocytes, and that VCAM-1 may be involved.8)
SHEAR STRESS MODULATES CELL SURFACE ADHESION MOLECULE EXPRESSION
The effect of shear stress on cell surface expression of adhesion molecules, including VCAM-1, ICAM-1 and CD44, has been investigated.9) Flow cytometric analysis using monoclonal antibodies against these adhesion molecules revealed that murine endothelial cells exposed to a shear stress of 1.5 dynes/cm2 for 6 hours showed a marked decrease in cell surface VCAM-1 expression and a slight increase in CD44 (Figure 1 ). The level of ICAM-1 expression on static control cells was very low and did not change even after exposure to shear stress. The decrease in VCAM-1 expression was time-and shear force-dependent. When endothelial cells subjected to shear stress were returned to a stationary state, the decreased VCAM-1 expression recovered with time, indicating that the shear stress-induced changes in VCAM-1 were reversible. The decrease in cell surface VCAM-1 expression was comparable to the decrease in lymphocyte adhesion. Thus, the decrease in endothelial cell adhesiveness to lymphocytes produced by shear stress was concluded to be due to the decrease in VCAM-1 expression.
SHEAR STRESS ALTERS ADHESION MOLECULE mRNA LEVELS
Changes in VCAM-1 mRNA levels were studied by the reverse transcriptase/polymerase chain reaction (RT/PCR) method to examine the mechanism of the shear stress-induced decrease in cell surface VCAM-1 expression.8) Total RNA was extracted from either shear-stressed or static endothelial cells , and reversely transcribed into DNA with Molony murine leukemia virus reverse transcriptase. The cDNA samples were then co-amplified using PCR with sense and antisense primers for VCAM-1, CD44, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Figure 2 shows the electrophoregram of the amplification product on polyacrylamide gel. The level of VCAM-1 mRNA decreased in endothelial cells subjected to shear stress (1.5 dynes/cm2) for 6 hours . In contrast, Electrophoresis of the amplification products showed a marked reduction in VCAM-1 mRNA levels and increases in CD44 mRNA levels in murine endothelial cells exposed to shear stress (1.5 dynes/cm2) for 6 hours. The GAPDH mRNA level remained unchanged even after exposure to shear stress. the CD44 mRNA levels in the shear-stressed endothelial cells increased. GAPDH mRNA levels remained constant even after exposure to shear stress. VCAM-1 mRNA levels began to decrease one hour after the start of shear stress, and further diminished with time. The time course of shear stress-induced mRNA levels closely paralleled cell surface protein levels. Changes in the mass transport of chemical mediators in perfusates need to be considered with regards to the effect of flow on cells in addition to the action of shear stress. The diffusional accumulation of chemical mediators on the endothelial cell surface is dependent on flow rate and shear rate. To identify the relative importance of each factor, two perfusates with different viscosities were applied to endothelial cells and the VCAM-1 mRNA levels measured. The results showed that an increase in shear rate induced a corresponding decrease in VCAM-1 mRNA levels, although this occurred to a greater extent with higher viscosity or higher shear stress. This means that the flow-induced decrease in VCAM-1 mRNA levels was shear stress-rather than shear rate-dependent.
The chromosomal VCAM-1 gene was cloned from murine endothelial cells. A reporter gene containing the murine VCAM-1 promoter sequences (1.7-kb upstream of the transcription initiation site) linked to the luciferase gene was constructed and transfected into murine endothelial cells. Murine endothelial cells transfected with the VCAM-1-luciferase reporter gene showed significantly lower promoter activity in response to shear stress. This finding indicates that the down-regulation of the VCAM-1 gene is transcriptionally mediated.
A CASCADE OF ENDOTHELIAL RESPONSE TO SHEAR STRESS
A hypothetical cascade of endothelial cell response to shear stress can be constructed based on the example described above ( Figure 3 ). When stimulated with shear stress, endothelial cells perceive the stress and transmit the signal into the cell interior, resulting in the activation of a certain transcription factor (shear stress-related transcription factor; SSTF). SSTF enters the cell nucleus and binds to a cis-element, shear stress responsive element (SSRE), in the promoter of the VCAM-1 gene, and suppresses its transcriptional activity and decreases the mRNA levels. The synthesis and cell surface expression of VCAM-1 protein decreased as a result. Finally, adhesion of the lymphocytes to endothelial cells via the binding of VLA-4 and VCAM-1 is suppressed.
Unlike the VCAM-1 gene, the CD44 gene was upregulated by shear stress. Thus, shear stress upregulates one gene and simultaneously downregulates another. Although the exact reason for this is unclear, different multiple transcription factors may be activated by shear stress. Even if the same transcription factor is activated, the binding site or the location of the enhancer and silencer may vary in individual genes, thereby having different effects on transcriptional activity.
Jpn Heart J January 1996 Figure  3 . Table. Shear Stress-mediated Regulation of Endothelial Genes actin abolishes the shear stress-induced increases in ET mRNA, suggesting that actin depolymerization plays an important role in the induction of ET gene expression. On the other hand, Sharefkin et al13) observed that the ET-1 mRNA levels of cultured human umbilical vein endothelial cells decreased after 24 hour exposure to shear stress (25 dynes/cm2). Malek et al14) also reported downregulation of ET-1 mRNA by shear stress. The downregulation of ET-1, which began within one hour after the application of shear stress and was complete 2 hours later, was shear force-dependent and saturated at 15 dynes/cm2. Although the reason for the disparities is not clear, the ET response to shear stress may be bi-phasic, i.e., shear stress may cause a transient elevation of ET mRNA and peptide release, and then induce highly significant inhibition. Thrombomodulin (TM) is a membrane glycoprotein expressed in vascular endothelial cells which plays a central role in endothelial anti-thrombotic activity by inactivating thrombin. Expression of its gene can be affected by shear stress. We observed that human umbilical vein endothelial cells exposed to shear stress showed an increase in cell surface TM expression.15) TM mRNA levels also increased to around three times the static control level after 8 hour exposure to shear stress (15 dynes/cm2). In contrast, Malek et al16) reported downregulation of TM in response to shear stress (15 or 36 dynes/cm2). The exact reason for this discrepancy is not known, but it may be due to the difference in origin of the endothelial cells (human umbilical vein endothelial cells versus bovine aortic endothelial cells) or experimental conditions used (parallel-plate type versus coneplate type of flow chamber). With regard to the fibrinolytic activity of endothelial Morita et al12) reported that shear stress induces ET-1 gene expression in endothelial cells and that this induction is mediated by the depolymerization of actin fibers.
CLOSING REMARKS
Vascular endothelial cells perceive wall shear stress produced by flowing blood and transmit the signal into the cell interior, which results in the cell response. They extract information on environmental changes from blood flow and play a role in maintaining homeostasis by appropriately and adaptively responding to the changes. Endothelial cell function as a mechanoceptor has not received much attention until recently. Studies concerning this issue have been performed in rapid succession because methods for culturing vascular endothelial cells and applying controlled levels of shear stress to cells have been established. This subject has also been taken up in new research fields such as biorheology and biomechanics, which deal with problems concerning flow and deformation and mechanical phenomena in biological systems, respectively.
In this paper we have suggested that dynamic changes in gene expression are involved in the response of endothelial cells to shear stress. The research on the endothelial sensing and responding mechanism to shear stress has just started however, and many questions remain concerning how endothelial cells perceive shear stress, whether a shear-stress sensor actually exists, and if it does, where it is located and what it is. The answers to these questions require a great deal of further experimental work. Such research will not only help us to understand the molecular mechanisms by which endothelial cells respond to the mechanical stimulation shear stress, but will also provide us with knowledge concerning the role of shear stress in blood flow-dependent phenomena such as angiogenesis, vessel remodeling and atherosclerosis. Research on this problem is also expected to lead to the development of new therapy directed towards eliminating the causes of and preventing cardiovascular diseases such as atherosclerosis.
